The N-terminus of mutant huntingtin (htt) has a polyglutamine expansion and forms neuronal aggregates in the brain of Huntington's disease (HD) patients. Htt expression in vitro activates autophagy, but it is unclear whether autophagic/lysosomal pathways process htt, especially N-terminal htt fragments. We explored the role of autophagy in htt processing in three cell lines, clonal striatal cells, PC12 cells and rodent embryonic cells lacking cathepsin D. Blocking autophagy raised levels of exogenously expressed htt1-287 or 1-969, reduced cell viability and increased the number of cells bearing mutant htt aggregates. Stimulating autophagy promoted htt degradation, including breakdown of caspase cleaved N-terminal htt fragments. Htt expression increased levels of the lysosomal enzyme cathepsin D by an autophagy-dependent pathway. Cells without cathepsin D accumulated more N-terminal htt fragments and cells with cathepsin D were more efficient in degrading wt htt than mutant htt in vitro. These results suggest that autophagy plays a critical role in the degradation of N-terminal htt. Altered processing of mutant htt by autophagy and cathepsin D may contribute to HD pathogenesis.
INTRODUCTION
Two main proteolytic pathways are used by cells to degrade cellular proteins. One pathway involves ubiquitin and the proteasome; proteins, including those misfolded, are tagged by ubiquitin and then degraded by the proteasome (1, 2) . The other pathway is autophagy (3, 4) . Autophagy is a regulated process that is activated for bulk removal of cellular proteins and organelles (5, 6) . Proteins are targeted and transported to membrane-enclosed vesicles. Vesicles are fused with lysosomes and their contents degraded by lysosomal enzymes, cathepsin D prominent among them (6, 7) . Autophagy and proteasomes may work together to degrade misfolded proteins that have been retained in the endoplasmic reticulum (8) . Autophagy in neurodegenerative diseases, including Parkinson's, Alzheimer's and prion diseases (9) (10) (11) (12) , can trigger a form of cell death distinct from apoptosis (13) . We showed that expression of wild type or mutant huntingtin (htt) in clonal striatal cells (x57 cells) induced autophagy and caused htt to associate with autophagosomes, which fused into larger structures (htt bodies) (14) . In striatal cells derived from Huntington's disease (HD) transgenic mice expressing mutant huntingtin exon 1, oxidative stress induced by dopamine stimulated autophagy (15) . Inhibitors and stimulators of autophagy can regulate levels of N-terminal mutant htt (N-htt) in cells and cell viability (16, 17) . These studies suggest that autophagy may be involved in normal processing of htt in cells and that autophagy induced by the presence of mutant htt could be activated in the HD brain.
Huntingtin is a large protein consisting of 3144 amino acids. A pathological hallmark of HD is the appearance of intranuclear and cytoplasmic inclusions containing fragments of N-htt in affected regions of the brain (18) . Mutant N-htt produces nuclear and cytoplasmic inclusions in the mouse brain and disrupts cell function in vitro (19) (20) (21) . Therefore, the production and accumulation of N-htt fragments may be a critical part of the pathogenic process. Caspase-3 and calpain are proteases that cleave htt to produce stable N-htt fragments (22) (23) (24) . Increases in cathepsin D (cat D) and H activity have been found in affected areas in HD brain (25) . Because autophagy might contribute to htt cleavage, we examined the role of autophagy and the activity of the autophagic/lysosomal enzyme cathepsin D in the degradation of htt. The results suggest that autophagy and cathepsin D are involved in the catabolism of N-htt fragments and that polyglutamine expansion impairs htt degradation by cathepsin D.
RESULTS
Autophagy regulates levels of intact htt1-287 and htt1-969 and caspase-cleaved N-htt fragments in clonal striatal cells (x57)
3-methyladenine (3-MA) selectively inhibits class III PI3 kinase (26, 27) , which is the mammalian homolog of yeast VPS34, a vacuole sorting protein essential for autophagy and for protein sorting from the Golgi to the vacuole/lysosome (28) . Human VPS34 may be required for the internalization of vesicles within multivesicular bodies (29) . 3-MA inhibits autophagy in many cell lines (16, 27, 30, 31) . We studied the effects of 3-MA in x57 cells expressing a Flag-tagged truncated htt encoding htt1-287 amino acids with 18 glutamines (Q) (wt) or 100 Q (mutant). Six hours after transfection of FH287-18 or FH287-100 cDNA, addition of 3-MA (10 mM) to culture medium for 8 h increased the levels of wild-type htt1-287 amino acids protein (141 AE 6.7% of control, M AE SE, P < 0.05, one group t-test) and mutant htt1-287 (158 AE 25.4% of control, M AE SE; n ¼ 3) (Fig. 1A, left) . 3-MA treatment for 18 h significantly reduced the density of FLAG-labeled cells to 54% of control for wild-type htt (P < 0.03, Student's t-test, n ¼ 3) and to 62% of control for mutant htt (P < 0.05, Student's t-test, n ¼ 3) (Fig. 1C) . The drug showed no apparent effect on cell survival by MTT assay (see below and Fig. 3C ) as Flag-positive cells account for a small percent of total cells. In cells expressing mutant htt1-287, 3-MA treatment increased the proportion of cells with Flag-labeled aggregates from 7.8 to 17.1% (M AE SE, P < 0.001, Student's t-test, n ¼ 6) (Fig. 1D) . Thus, in the Flag-htt expressing clonal striatal cells, inhibition of autophagy with 3-MA raised levels of exogenous htt and mutant htt aggregates and reduced viability. To confirm the effects of inhibiting autophagy on processing of exogenously expressed htt, we treated cells with bafilomycin A1 (BAF), which is a specific inhibitor of the vacuolar proton pump that blocks maturation of autophagic vacuoles and acidification of lysosomes (32) . Similar to the effects with 3-MA, BAF treatment for 8 h, starting 6 h after transfection, raised levels of intact htt1-287-100 (129% of control; n ¼ 2) (Fig. 1B) . The findings with 3-MA and BAF suggest that autophagy promotes the degradation of wild type and mutant htt1-287.
To determine whether autophagy degraded larger htt products, 6 h after transfection with FH-969-18Q (wt) or FH-969-100Q (mutant), we exposed x57 cells to 3-MA for 8 h and then harvested the cells for preparation of detergent soluble and insoluble fractions or whole lysates 14 h posttransfection. 3-MA treatment increased wild-type (221.2 AE 48% of control; M AE SE, n ¼ 3) and mutant htt1-969 (314 AE 64% of control; M AE SE, n ¼ 3) in the detergent insoluble fraction ( Fig. 2A) . Whole cell lysates showed a small increase (about 10%) in the levels of wild-type htt1-969 and accumulation of cleaved N-terminal mutant htt fragments. The effects of BAF treatment on levels of mutant htt were assessed using the same paradigm. BAF raised levels of intact mutant htt (208 AE 24% of control, M AE SE, P < 0.01, n ¼ 4, two group t-test) and cleaved N-terminal htt fragments (318 AE 80% of control, M AE SE, P < 0.01, n ¼ 4, two group t-test) in the detergent insoluble fraction (Fig. 2B) . The mutant htt fragments also increased after BAF treatment in the whole cell lysates (126% of control, n ¼ 2) and in the soluble fraction (144% of control, n ¼ 2). Cells harvested at 24 h post-transfection and exposed to 3-MA for only the last 8 h in culture produced substantial increases in the levels of wild-type (141.3 AE 6.7% of control, M AE SE, P < 0.05, one group t-test) and mutant htt1-969 (157 AE 16% of control, M AE SE) in whole cell lysates (n ¼ 3). Similar increases in htt levels were also found in the detergent insoluble fraction (130.1 AE 6% of control for wt htt1-969, M AE SE, P < 0.05; 142 AE 11% of control for mutant htt1-969 P < 0.06, M AE SE, n ¼ 3) (Fig. 2C) . In this paradigm, N-htt fragments generated from htt1-969 were recovered at 24 h post-transfection in the whole cell lysate and the detergent soluble fraction, but were not changed by the 8 h treatment with 3-MA (Fig. 2C) . Thus, both sizes of htt (htt1-287 and htt1-969) were degraded by autophagy. Observing a change in the levels of N-htt fragments generated from htt1-969 when autophagy is inhibited by 3-MA may depend upon the duration and time the inhibitor is introduced. Next we investigated the effects of autophagy on caspase dependent htt cleavage products.
We had found that the pan-caspase inhibitor, Z-VAD-FMK, blocked generation of N-htt fragments from htt1-969 in x57 cells (33) . These N-htt fragments did not form in MCF-7 cells, which are devoid of caspase-3 activity (23). These results suggested that N-htt fragments produced from htt1-969 might be products of caspase cleavage. Caspase-3 cleaves htt at amino acids 513 and 552 in vitro (22) . To confirm that the N-htt fragments seen in x57 cells were cleaved by caspase-3, we generated mutations in FH969-18 to produce an amino acid substitution from D ! A at residue 513 or 552 (see methods). Expression of these mutant constructs in x57 cells abolished expression of N-htt fragments at the expected size (Fig. 3A,  lanes 3 and 4) , substantiating that the fragments generated in x57 cells from htt1-969 were products of caspase-3 cleavage at these sites.
We treated cells with rapamycin, which stimulates autophagy in vitro (34) . Treatment with rapamycin (0.2 mg/ml) for 18 h, beginning 6 h after transfection of N-htt1-969 cDNA, significantly reduced levels of the caspase cleaved N-htt fragments, which were generated from wt htt1-969 (Fig. 3A , lane 1 versus 2, one group t-test, P < 0.05 for upper band and P < 0.01 for lower band). Rapamycin produced little change in intact htt1-969. Rapamycin had no effect on htt-induced activation of caspase-3 (data not shown). Thus, the reduction in the levels of caspase-3 cleaved htt fragments is unlikely to be caused by reduction in the availability of intact htt or inhibition of cleavage. These results suggest that autophagy can further degrade caspase-cleaved N-htt fragments.
We started 3-MA treatment before caspase cleavage had occurred and increased the duration of treatment to determine the effects of prolonged inhibition of autophagy on N-htt fragments generated from htt1-969. 3-MA was applied to x57 cells that were transfected with FH969-18 or FH969-100 Figure. 1 Effects of 3-MA and bafilomycin (BAF) on htt expression and the formation of mutant htt aggregates in clonal striatal cells (x57 cells). x57 cells were transfected with FH287-18 or FH287-100. Six hours after transfection, cells were incubated with medium with or without 3-MA (10 mM) and harvested 8 h later for analysis. (A) Western blots show exogenous wt htt (left arrow), detected with anti-htt antibody Ab1 and mutant htt (right arrowhead) detected using monoclonal antibody 1C2. Ab1 detects the first 1-17 amino acids in htt. 1C2 preferentially recognizes expanded polyglutamine peptides. The intact wt htt (arrow, top left) and mutant htt (arrowhead) are identified. The less abundant wt htt fragment is a degradation product of wild-type htt1-287. The larger less abundant mutant htt product may be a modified form of mutant htt1-287. No breakdown products were detected for mutant htt in this assay. Results from three experiments were quantified using SigmaPlot Pro 4 (see Results). 3-MA treatment increases levels of intact wt (arrow top left) and mutant htt (arrowhead). Actin levels are unchanged. The results in (A) are representative of three experiments. (B) x57 cells were transfected with FH287-100. Cells were incubated with medium with or without BAF (200 nM) 6 h after transfection and processed for SDS-PAGE and western blot analysis using 1C2 monoclonal antibody. BAF treatment increases levels of intact mutant htt (arrowhead). Actin levels are unchanged. The results in (B) are representative of two experiments. (C) x57 cells were transfected with FH287-18 or FH287-100. Cells were incubated with medium with or without 3-MA (10 mM) 6 h after transfection and fixed and processed for Flag immunofluorescence 24 h after htt transfection. Cells were visualized using epifluorescence microscopy. The number of Flag-labeled cells is significantly reduced by 3-MA treatment (height of bars ¼ MeanAE SE, Student's t-test, *P < 0.03 for FH287-18, n ¼ 3 and *P < 0.005 for FH287-100, n ¼ 3). (D) x57 cells were transfected with FH287-100 with or without 3-MA using the same paradigm as in (C). Htt aggregates were visualized with anti-Flag antibody M5 and examined with a confocal microscope. One thousand Flag-htt positive cells were counted and six slides were analyzed in each group. 3-MA treatment significantly increases the number of cells bearing aggregates (bar ¼ meanAE SE). Statistical analysis was carried out using the Student's t-test. ***P < 0.001.
cDNA for 24 h. The N-htt fragments accumulated to maximal levels 15-24 h after transfection. Treatment with 3-MA for 18 h beginning 6 h after transfection markedly reduced the levels of N-htt fragments in whole cell lysates and in the detergent insoluble fraction compared to levels of N-htt fragments in untreated cultures (Fig. 3B, left) . In the detergent insoluble fraction, the most prominent wt or mutant N-htt fragments found in 3-MA-treated cultures were reduced to 33.8% AE 7.6 or 56.5% AE 7.8 of control, respectively (M AE SE, P < 0.05, one group t-test, n ¼ 3). No high molecular weight htt accumulated in the stacking gel (data not shown) of the SDS-PAGE, including the detergent insoluble fraction. This observation counters the possibility that the htt fragments were insoluble and failed to migrate into the gel. Cell viability as assessed by MTT assay did not differ between cultures expressing FH969-100 and treated with or without 3-MA (Fig. 3C ) (P > 0.05, Student's t-test, n ¼ 12). There was no change in levels of endogenous mouse htt with and without 3-MA treatment (small arrow, Fig. 3B ). The density of Flag-labeled cells declined with 3-MA treatment to 72% of control for wild-type htt (P < 0.003, n ¼ 3) and to 60% of control for mutant htt (P < 0.001, n ¼ 3, data not shown). The levels of intact htt1-969 did not significantly change (95% of control with wt htt and 92% of control with mutant htt, n ¼ 3). The marked reduction in N-htt fragments by the autophagy inhibitor 3-MA was unexpected. There are several possible explanations. We showed previously that cell fragments (debris) of clonal striatal cells that have detached from the culture dish in cultures expressing htt1-969 are enriched in caspase cleaved N-htt fragments compared to intact htt (23) . The toxicity caused by 3-MA may cause loss of cells that selectively accumulate caspase cleaved N-htt fragments. It is also possible that autophagic pathways may be involved in forming caspase-cleaved N-htt fragments (see results below).
We had shown previously that the production of caspasecleaved N-htt fragments from htt1-969 in x57 cells coincided with the formation of htt labeled autophagosomes, which fuse and form larger condensed structures in the cytoplasm (htt bodies) that are visible by immunofluorescence (14) . In contrast, transient expression of a soluble protein, c-Jun N-terminal protein kinase interacting protein 1 (JIP1), did not produce autophagosome accumulation (14) . We compared the effects of 3-MA on the formation of htt bodies detected with anti-Flag antibody. Coincident with the decline in levels of caspase cleaved N-htt fragments in x57 cells, 3-MA treatment reduced the number of cells with Flag labeled bodies formed by htt1-969-18 or htt1-969-100 ( Fig. 3D ) (Student's t-test, P < 0.001, n ¼ 6). In another study, we found that there were significantly fewer cells with htt bodies when htt1-969 was expressed in MCF-7 cells, which are deficient in caspase-3 activity (Z.-H. Qin et al., submitted for publication).
Collectively, these results suggest that the htt bodies are formed by caspase-cleaved htt fragments and that an autophagic process that generates caspase-cleaved htt is involved in forming htt bodies in vitro. One thousand Flag-htt positive cells were counted in each coverslip and six coverslips were analyzed in each group. Bar ¼ meanAE SE. Statistical analysis was carried out using the Student's t-test. ***P < 0.001. (E) Cells were treated as described above and Flag-htt 1969 and N-htt fragments were immunoprecipitated with an anti-Flag M2-agarose as described in Materials and Methods. Omission of plasmid DNA during the transfection produced no exogenous Flag-htt (data not shown). More ubiquitin (bracketed area) is co-immunoprecipitated with Flag-htt after 3-MA treatment. The results were the same in two experiments.
Previous studies have suggested that N-terminal htt is degraded by the proteasome (18, 19) . We next studied the relationship between autophagy and proteasome activity, since both constitute means by which cells degrade htt. We immunoprecipitated htt1-969 from cells treated without or with 3-MA (18 h treatment beginning 6 h after transfection) (Fig. 3E) and looked for co-expression of ubiquitin, which binds to proteins removed by the proteasome. Controls that omitted plasmid DNA from the transfection showed no human htt expression (data not shown). There was a substantial increase in ubiquitin immunoreactivity (as indicated by bracket in Fig. 3E ) after 3-MA treatment in the htt immunoprecipitates especially high molecular species. The latter may represent htt species that are polyubiquitinated, which is a form of ubiquitinconjugation recognized by the proteasome. These data suggest that when autophagy is inhibited, more htt is ubiquitinated and may be targeted for removal by the proteasome. An alternative explanation is that 3-MA causes reduced clearance by the proteasome. If this were the case, we would expect to see more robust increases in uncleaved htt after prolonged treatment with 3-MA and we did not. Levels of intact htt were relatively unchanged. These results may also explain why we did not see an accumulation of expressed intact htt after prolonged treatment with 3-MA (Fig. 3B ). These data suggest that the two main degradative pathways function co-operatively to degrade htt.
The above results suggested that autophagy may affect caspase-3 activity. We examined the effects of htt expression on levels of active caspase-3 in different cell lines. A 17 kDa active form of caspase-3 can be detected in naive x57 (Fig. 4A ) and COS1 (Fig. 4B ) cells but not in MCF-7 (data not shown) cells which lack caspase-3. There was a different response of active caspase-3 to mock treatment with the transfection reagent in x57 cells and COS1 cells possibly due to different basal levels of active caspase-3 in the two cell lines. In x57 cells, basal (control) levels of active caspase-3 were high and mock treatment lowered the levels of caspase-3. In COS1 cells, the basal levels of active caspase-3 were low and mock treatment raised the levels of active caspase-3. Exogenous expression of wt and mutant htt1-969 robustly raised levels of active caspase-3 in x57 cells and COS1 cells (Fig. 4A and B ) when compared to either the control or mock treatment condition. Treatment with 3-MA for 18 h commencing 6 h after transfection inhibited htt-induced activation of caspase-3 in both cell types ( Fig. 4A and B) . Thus, inhibiting autophagy with 3-MA lowered levels of active caspase-3. These findings raise the possibility that an autophagic pathway contributes to caspase-cleaved N-htt fragments and htt bodies.
Htt expression upregulates cathepsins in a 3-MA sensitive manner
Lysosomal enzymes, including cathepsin D, accumulate in late autophagosomes during autophagy and degrade proteins delivered to autophagosomes (35) . We investigated whether htt accumulation in cells activated cathepsins. In naive x57 cells, we detected cathepsin D as a pro-enzyme (52 kDa) and a partially cleaved intermediate product (46 kDa) (36) but not in an active form (34 kDa) (Fig. 5A) . Cathepsin L was expressed as a pro-enzyme of about 30 kDa but not an active form (27 kDa) (Fig. 5B) . Exogenous expression of wild-type and mutant htt1-969 increased the levels of the 46 kDa form of cathepsin D and the 30 kDa form of cathepsin L. Treatment of x57 cells with 3-MA for 18 h beginning 6 h after transfection robustly reduced the levels of cathepsin D (46 kDa) and cathepsin L (30 kDa) ( Fig. 5A and B) . These results show that expression of htt activates cathepsin D and cathepsin L. Furthermore, this activation involves an autophagic mechanism.
Activating autophagy in PC12 cells with inducible htt expression degrades htt
To determine whether autophagy degraded htt in other cell lines expressing lower levels of exogenous htt, we studied PC12 cell lines that had stable ecdysone inducible expression of a cDNA (Fig. 6A) . Western blot analysis with anti-htt antibody Ab1 showed that ponasterone A treatment induced expression of a fusion protein with a molecular mass of about 130 kDa in PC12-25Q cells and 140 kDa in PC12-144Q cells (Fig. 6B) . Several N-terminal htt fragments also formed.
Serum reduction in undifferentiated PC12 cells induces autophagy (37, 38) . This response differs from apoptosis, which is triggered by serum withdrawal in differentiated PC12 cells. Reducing serum from 10 to 1% for 6 h had no observable effect on the density or integrity of the induced undifferentiated PC12 cells in culture (Fig. 6A ) and active caspase-3 was not detected (data not shown). However, reducing serum decreased the levels of both the intact Flag-htt-GFP and N-htt fragments in the induced PC12 cells. The effects of reducing serum were reversed by 3-MA (Fig. 6B ). Treating cells with the lysosome inhibitors pepstatin A or leupeptin partially blocked the effects of serum starvation-induced degradation of N-htt fragments. Pepstatin A, which inhibits the aspartyl protease cathepsin D, was slightly more effective than leupeptin, which inhibits cysteine protease (Fig. 6C) .
Cathepsin D (46 kDa) increased 24 h after induction of htt in PC12-25Q cells or PC12-144Q cells (Fig. 7A) . In contrast, levels of cathepsin D were unaffected in the control cell line that expressed only Flag-GFP (data not shown). Serum reduction had no additional effect on levels of cathepsin D. 3-MA treatment strongly inhibited the induction of cathepsin D (46 kDa form) by Flag-htt-GFP (Fig. 7A) . Similarly, Flag-htt-GFP expression increased the levels of cathepsin L (30 kDa pro-enzyme). 3-MA treatment inhibited the increase in cathepsin L induced by htt expression (Fig. 7B) . Consistent with our previous data in x57 cells transiently expressing htt, the results in PC12 cells suggest that htt expression alone (with no additional autophagic stimulation) can upregulate cathepsin D and cathepsin L.
Effects of cathepsin D on htt aggregation and degradation
We next studied the role of cathepsin D in htt processing using mutant htt1-969 (Fig. 8B ). In addition, we found that the levels of cleaved N-htt fragments were markedly higher in cat D (Fig. 8C ). There were overall higher levels of mutant N-htt fragments than wt N-htt fragments in cat D þ cells (compare lanes 7 to 3). Treatment of cat D þ cells with pepstatin A increased the levels of N-terminal htt fragments (compare lanes 3 to 4 and lanes 7 to 8), while pepstatin A treatment had no effect in cat D À cells (compare lanes 1 to 2 and lanes 5 to 6). Therefore, cathepsin D is involved in the catabolism of htt fragments that form htt bodies. These results indicated that mutant htt is resistant to cathepsin D-dependent breakdown compared to wt htt.
To further evaluate the sensitivity of wt and mutant htt to cathepsin D, htt1-969 was immunoprecipitated from cell lysates and subjected to degradation by cathepsin D in vitro. Results showed that cathepsin D degraded intact wt htt1-969 and wt N-htt fragments in a dose dependent manner but was less effective under the same treatment conditions in degrading intact mutant htt1-969 and mutant N-htt fragments. Cathepsin D treatment of htt1-969 generated a unique, relatively stable N-htt fragment of about 50 kDa for wt htt and about 80 kDa for mutant htt (Fig. 8D) . The mutant 80 kDa N-htt fragment accumulated more than the wt 50 kDa N-htt fragment. Altogether, these results provide additional support that htt is degraded by cathepsin D and that mutant htt is more resistant than wt htt to degradation by cathepsin D, one of the major lysosomal enzymes of the autophagic pathway.
DISCUSSION
Removal of excess or misfolded proteins is important for maintaining normal cellular function. One pathogenic mechanism in HD may be an inability to process mutant htt and N-terminal mutant htt fragments in HD brain (39) . Mutant htt might resist protease activity or be improperly compartmentalized for degradation (36) (37) (38) . Htt is cleaved by caspases and calpain, which generate stable N-htt fragments in vitro and in brain (23,24,40, Y.J. Kim et al., submitted for publication). The proteasome may contribute to degrading these N-htt fragments (41-45); mutant htt is more resistant than wild-type htt to proteolysis in the HD brain (46) . In this study, we demonstrate a role for autophagy and the lysosomal protease cathepsin D in htt catabolism. Moreover, our data suggest that mutant htt resists degradation by cathepsin D compared to wild-type htt. Processing of htt by autophagy and cathepsin D may contribute to HD pathogenesis.
Inhibiting autophagy with 3-MA (clonal striatal cells, PC12 cells) or BAF (clonal striatal cells) increased levels of wild type or mutant htt. Stimulating autophagy with rapamycin (clonal striatal cells) or serum reduction (PC12 cells) degraded htt. In raising intracellular levels of intact htt, 3-MA treatment reduced viability of htt expressing cells. This result differs from the effects of the pan-caspase inhibitor Z-VAD-FMK, which improved the survival of x57 cells expressing htt1-969 by 240-310% (25) . The implication is that degradation of htt by autophagy may be important for cell survival. Our findings agree with those of Ravikumar et al. (16, 17) , who found that mutant htt expressed from exon 1 (htt1-89 with 74Q) was elevated in cells treated with 3-MA or lowered in cells exposed to rapamycin, an activator of autophagy. Inhibiting autophagy with 3-MA increased aggregates formed by mutant htt exon 1 (16) or mutant htt1-287 (this study). We show that products of wt or mutant htt (amino acids 1-287, 1-587, 1-969) that are larger than the protein product of exon 1 are degraded by autophagy. In HD patients, these htt products contain sites of protease cleavage. Protease cleavage generates stable, smaller N-htt fragments, which may aggregate or engage in abnormal protein interactions if the polyglutamine is expanded. At early stages of HD, autophagic activity may help promote the degradation of mutant htt and minimize the production of N-htt fragments. Later in the disease, however, excess mutant htt and autophagic activity may activate caspase-3 and the release of lysosomal proteases, resulting in greater production of N-htt fragments and cellular dysfunction (see below).
Our data suggest that cathepsin D, a major enzyme of autophagosomes, is a critical contributor to htt catabolism by autophagy. Levels of cathepsin D were lower after treating htt expressing cells with 3-MA. At conventional doses of 3-MA used in our studies, 3-MA is a selective class III phosphatidylinositol 3-kinase inhibitor that interferes with the early sequestration phase of autophagy (27, 47) . It is possible that 3-MA blocked the transport and accumulation of cathepsin D and htt into early autophagosomes in our experiments. We cannot rule out other effects of 3-MA on vesicle trafficking. Endosomes and lysosomes also contain cathepsin D and might participate in htt degradation. In rodent embryonic tumor cells that were devoid of cathepsin D, the degradation of N-htt fragments was slowed as suggested by higher levels of N-htt fragments. Expressing human cathepsin D in this cell line, which originally lacked cathepsin D, produced a rise in an active form of cathepsin D after htt expression. These cells formed fewer htt bodies and had lower levels of N-htt fragments than the parental cells deficient in cathepsin D. Thus, cathepsin D activity modulates the clearance of excess htt in cells. Our in vitro assay confirmed that htt is degraded by cathepsin D and, moreover, that mutant htt is resistant to cathepsin D degradation when compared to wt htt. In both x57 and PC12 cells, upregulation of a pro-form of cathepsin L was also observed; the importance of cathepsin L in htt catabolism is not clear. Kegel et al. (14) showed cathepsin D immunoreactivity increased more after expression of mutant htt than wild type htt in clonal striatal cells. Mantle et al. (25) found 2-to 3-fold increases in cathepsins D and H in the postmortem striatum of HD patients compared to controls. Increased cathepsins have also been seen in Alzheimer's disease brain (48) (49) (50) . In the HD brain, excess cathepsin D may cause adverse effects on cell function-the activity of lysosomal proteases might contribute to neurodegeneration (51; see below). In x57 cells and PC12 cells, the active forms of cathepsin D and L were not detected under our experimental conditions. This observation could be due to lower levels of active cathepsin D and L in these cells or to a block in the maturation of cathepsin D and L by htt over expression. The latter seems unlikely. We detected increased levels of active cathepsin D after htt expression in rodent embryonic tumor cells stably expressing human cathepsin D.
Our data suggest that autophagy slows the formation of mutant htt aggregates, by degrading and eliminating small fragments of mutant htt (amino acids 1-287). In the case of large htt products (1-969), autophagy may stimulate caspase-3 dependent cleavage of htt and produce N-htt fragments that accumulate as htt bodies. We found that blocking autophagy with 3-MA for longer periods markedly diminished caspase-3 activity, caspase-cleaved htt products, and the formation of htt autophagic bodies. These results suggest that autophagic pathways may regulate htt degradation, in part by promoting its caspase-dependent cleavage. How autophagy regulates caspase-3 activity is not clear. However, our findings are compatible with data from other investigators showing that some apoptotic stimuli can activate autophagy pathways as well as apoptosis in cells (30, (52) (53) (54) and that 3-MA treatment in these circumstances can reduce features of apoptosis. 3-MA treatment inhibited cleavage of PARP, a caspase-3 substrate, preserved mitochondrial morphology and prevented release of cytochrome c from mitochondria after apoptotic stimulation (31) . Since autophagy may be involved in promoting caspase-dependent htt cleavage and degradation of N-htt fragments, the composite effect of autophagy on cells may depend on the balance between generation and removal of N-htt fragments.
We saw an increase of ubiquitination by immunoprecipitation with an anti-Flag-htt antibody when autophagy was inhibited, supporting the notion that proteasome-ubiquitin pathway plays an important role in degrading htt. Furthermore, these two systems may co-operate to regulate htt catabolism. At early stages of HD, autophagic activity may be beneficial because it degrades mutant htt. When the caspase activity is high and proteasome function is compromised in cells due to mutant htt expression (42, 55) , overactivation of autophagy may be detrimental because of accumulation of excess caspase-cleaved N-htt fragments.
Furthermore, excessive autophagy may damage cellular organelles, including mitochondria and lysosomes. These events might lead to release of enzymes that cause apoptotic cell death (56) (57) (58) (59) (60) ; namely, lysosomal enzymes released from damaged lysosomes can activate apoptotic cascades (52, 54, 59) . Thus, in advanced HD, an exaggerated autophagic response to accumulation of mutant htt may accelerate cell dysfunction and cell death. Slowing autophagy in later stages of HD and thereby preserving important cellular organelles-and conceivably reducing the formation of N-htt fragments-could provide a novel strategy to treat the disease.
In summary, the present study showed that autophagy plays a role in htt processing and may be important in the removal of mutant htt especially in early stages of HD. Autophagy contributes to the catabolism and cleavage of htt by activating cathepsin D and caspase-3. Mutant N-htt fragments are less efficiently degraded by cathepsin D than are wild type N-htt fragments, thereby contributing to HD pathogenesis.
MATERIALS AND METHODS

Cell culture, plasmids and DNA transfection
Mouse clonal striatal cells, x57, were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum, 4.5 g/l glucose and 50 m/ml penicillin G/streptomycin (25) . COS1 cells were cultured in DMEM with 10% fetal bovine serum, 50 units/ml penicillin G/streptomycin, 2 mM glutamine and 1.5 g NaHCO 3 /l. Rat embryonic tumor cell lines 3Y1 which have a deficiency in cathepsin D (cat D À ) were cultured in RPMI1640 containing 5% fetal bovine serum and penicillin G/streptomycin. Three cell lines, 3Y1, V2C20 and 4B2 were kindly provided by Drs H. Rochefort and M. Garcia. 3Y1 cells were stably transfected with human cathepsin D1 or cathepsin D2 to produce V2C20 and 4B2 cells (both cat D þ ) respectively (60) . V2C20 and 4B2 cells were cultured in RPMI1640 containing 10% fetal bovine serum, penicillin G/ streptomycin and 0.4 mg/ml G418. Cells were cultured on poly-L-lysine coated coverslips for immunocytochemistry or in 60 mm dishes for immunoblotting. PcDNA3 expression plasmids encoding htt amino acids 1-969 (FH969; based on wt htt with 23 Q) or amino acids 1-287 (FH287) with a Flag tag at the N-terminus and a polyglutamine repeat of 18 or 100 were used in this study. These plasmids were designated as FH969-18, FH969-100, FH287-18 and FH287-100. To disrupt the caspase-3 cleavage sites in htt, we performed site directed mutagenesis in FH969-18 using Gene Editor (Promega) and changed the DNA encoding residues 513 or 552 from aspartic acid to alanine using the following primers to create the mutations: 513D ! A: 5 0 -ACTCAGTGGCTCGGCCAG-3 0 and 552D ! A: 5 0 -ACCTGAATGCTGGGACCCA-3 0 . All mutations were confirmed by DNA sequencing. At 80% confluence, cells were incubated in 2 ml DMEM containing 5-10 mg of plasmid DNA and 60 ml Superfect (Qiagen, Valencia, CA). After 3 h of incubation, transfection reagents were removed and 6 ml of fresh normal growth medium was added to the dishes and culture was continued to desired time. Cells used for immunocytochemistry were split from the same culture dish into 24-well plates containing poly-L-lysine coated coverslips and culture was continued to desired time. Controls included omission of plasmid DNA in the transfection or DMEM only.
Treatment of cells with 3-methyladenine, bafilomycin A1, pepstatin A, leupeptin or rapamycin
The autophagy inhibitor 3-methyladenine (3-MA, Sigma, St Louis, MO) was freshly dissolved in culture medium 1 h before use at 37 C. The concentration of 3-MA (10 mM) used in this study is the same as that used in studies by other investigators (16, 27, 30, 31) and was not toxic to the cells as determined in preliminary experiments. Wortmannin, another well-known autophagy inhibitor, caused cell death at the concentration used in other studies and could not be used in our experiments. To analyze the effects of 3-MA on htt accumulation, 3-MA was added at 6 or 16 h after transfection of htt cDNA and cells were lysed 14 or 24 h later. Cells were harvested for preparation of whole cell lysates and detergent soluble and insoluble fractions. Bafilomycin A1 (BAF) (Sigma), which inhibits autophagy by blocking the vacuolar ATP pump (61) , was used at 200 nM and introduced at 6 h after htt transfection. Cells were harvested at 14 h post-transfection. Pepstatin A (Sigma), which inhibits cathepsin D, and leupeptin (Sigma), which inhibits cathepsin L, were dissolved in sterile PBS and added to culture medium (at 1:200 ratio) immediately before use. Six or 16 h after transfection, culture medium was removed and fresh medium was replaced with or without drugs. Rapamycin (Sigma) was dissolved immediately before use in a vehicle containing 90% ethanol and 10% Tween 20 and added to culture medium (0.2 mg/ml) 6 h after transfection; cells were harvested 24 h later. In the analysis of PC 12 cells during serum reduction (serum was reduced from 10 to 1% in medium) and some cells were treated with 3-MA (10 mM), pepstatin A (10 mM) or leupeptin (10 mM) and then harvested and lysed for analysis of inducible htt 6 h after serum reduction. To study the effects of pepstatin A on degradation of htt in cat D À and cat D þ cells, 3Y1 and 4B2 cells were cultured in 60 mm dishes and transfected with FH969-18 or FH969-100. Cells were treated with pepstatin A (10 mM) 16 h after transfection and were harvested for western blot analysis 8 h after pepstatin A treatment.
Immunocytochemistry and quantitative analysis of labeled cells
We have characterized the subcellular localization and toxic effects of human wild-type and mutant htt in clonal striatal cells using biochemical methods and immunofluorescence (14, 23, 33) . Immunofluorescence was performed as described in these publications and Qin et al. (62) . Cells (x57) were grown on glass coverlips, fixed in 4% paraformaldehyde and processed for immunocytochemistry 24 h after htt transfection. The total Flaglabeled cells expressing different htt cDNAs, htt aggregates formed by expression of FH287-100 and htt bodies formed by expression of FH969-18 or FH969-100 were detected with antiFlag (M5, Sigma) monoclonal antibody. Flag-positive x57 cells were counted with epifluorescense microscopy and a 10X objective. Forty microscopic fields were counted per coverslip in cultures expressing FH287-18, FH287-100, FH969-18 and FH969-100 and treated with or without 3-MA. Three coverslips were examined for each condition totaling $400-2500 cells per group. To quantify the number of cells with htt aggregates and htt bodies, Flag-positive cells were examined with epifluorescense microscopy and a 60Â objective. One thousand Flag-labeled cells/coverslip and four or six coverslips were analyzed in each group. Statistical analysis for all quantitative analysis was conducted with the Student's t-test.
Analysis of cell death using MTT assay x57 cells were treated with (N ¼ 12 60 mm culture dishes) or without 3-MA (12 culture dishes) 6 h after transfection of FH969-100 and then analyzed for cell death at 24 h using the method of Mosmann (63) . In brief, MTT (Sigma) was added to the media at a final concentration of 125 mg/ml for 1 h at 37 and 5% CO 2 . The reaction was stopped by adding 300 ml of DMSO and shaking for 20 min. Fifty microliters of sample was transferred to a 96-well micro-titer plate to which 150 ml DMSO was added. One well contained 200 ml of DMSO alone as a blank. The absorbance of the wells was read at 570 nm using a spectrophotometer. The data were statistically analyzed using Student's t-test.
Induction of htt expression in PC12 cells
Pheochromocytoma cells (PC12) were engineered to express an inducible Flag-htt-EGFP with htt amino acids 1-587 and 25Q or 144Q (PC12-25Q and PC12-144Q). The cDNAs were assembled into pIND vector (Invitrogen). The construct encoding htt amino acids 1-587 (based on wt htt with 23 Q, GenBank L12392) had alternating CAG/CAA repeats of either 25Q or 144Q. This encoded htt segment was inserted in frame with Flag sequence at the 5 0 end and EGFP (enhanced green fluorescent protein, Clontech) sequence at the 3 0 end. The plasmids were stably transfected into PC12 cell lines as described in Steffan et al. (64) and Peters et al. (65) , to generate PC12 cell lines that express the htt gene under the regulation of an ecdysone-sensitive insect promoter. The promoter is repressed in the absence of steroid. The cells were cultured in DMEM containing 10% horse serum, 5% fetal bovine serum, 10 mg/l zeocin, G418 25 mg/l and penicillin G/streptomycin and pH was adjusted to 7.3 with NaHCO 3 . Expression of PC12-25Q or PC12-144Q was induced with 5 mM ponasterone A, a steroid analog of ecdysone, 2 days after plating cells. Thirty-six hours after induction of htt expression, cells were changed to DMEM containing 1% horse serum (serum deprivation) in the absence or presence of 3-MA (10 mM). The induction of htt and distribution of GFP were examined after cells were cultured on coverslips. Following 6 h of serum deprivation with or without 3-MA (10 mM), cells were fixed in 4% paraformaldehyde in PBS, covered with coverslips, and examined with confocal microscopy (Radiance 2000, Bio-Rad).
Cell fractionation and western blot analysis
For preparation of whole cell lysates, cells were harvested and lysed in buffer containing triethanolamine 10 mM, acetic acid 10 mM, sucrose 250 mM, EDTA 1 mM, DTT 1 mM and protease inhibitors (complete, mini-EDTA free; Bioehringer Mannheim, pH 7.4). Cells were disrupted by passing them through a 26.5 gauge needle 30 times. Cell homogenates generated from this step were used for western blot analysis of htt. The method for preparation of detergent soluble and insoluble fractions was modified from Hazeki et al. (66) . Cells were lysed on ice for 30 min in a buffer containing Tris-HCl 50 mM (pH 8.8), NaCl 100 mM, MgCl 2 5 mM, Nonidet P-40 0.5%, PMSF 0.5 mg/ml and protease inhibitors (mini-complete). Lysates were centrifuged at 16 000g for 5 min at 4 C. Pellets were resuspended in 100 ml formic acid overnight at 4 C. Samples were then dried under vacuum and treated with 2 ml 2 N NaOH to neutralize pH. Samples were re-suspended in a buffer containing TrisHCl 20 mM, SDS 2% and DTT 50 mM and sonicated. Protein concentrations in soluble fractions were determined with the BCA kit (Pierce). Protein samples (10-20 mg) were loaded onto 10% acrylamide gels and separated by electrophoresis. After transfer of proteins to nitrocellulose, htt was detected by immunoblotting using the mouse monoclonal antibodies (2166 and 1C2, Chemicon, Temecula, CA) or rabbit polyclonal antibody (Ab1) and enhanced chemiluminesce (ECL). Controls (DMEM or omission of plasmid DNA) show no exogenous human htt on western blot and only endogenous mouse htt as previously described (14) . To simplify the presentation, these controls are not shown in the figures here. In western blots, the detection of exogenous human htt after transient transfection in clonal striatal cells or inducible expression in PC12 cells is significantly greater than the endogenous htt in the cells. Some blots were re-probed with anti-actin monoclonal antibody (Sigma). The effects of 3-MA on htt expression were quantitatively analyzed on the films by densitometry using SigmaScan Pro 4 as described previously (57) .
The levels of cathepsin D and L and active caspase-3 were analyzed in whole cell lysates by immunoblotting. The following antisera were used: for cathepsin D, rabbit polyclonal antibody (Ab-2, Oncogene) or a goat polyclonal antibody (C-20, Santa Cruz Biotechnology, Santa Cruz, CA); for cathepsin L, goat polyclonal antibody (S-20, Santa Cruz Biotechnology); and for caspase-3, rabbit polyclonal antibody (Asp-175, Cell Signaling Technology, Beverly, MA).
Immunoprecipitation and in vitro degradation of htt FH969 was expressed in x57 cells for 24 h. Controls included omission of plasmid DNA or no transfection. Cells were lysed in a buffer containing 50 mM Tris (pH 7.4), 250 mM NaCl, 5 mM EDTA and 1% NP-40 and for 10 min on ice. Cells were collected into Eppendorf tubes and centrifuged at 14 000g for 5 min at 4 C. Supernatant was added to 30 ml anti-Flag-agarose (Sigma) and incubated at 4
C for 3 h with shaking. Samples were centrifuged at 14 000g for 5 min and pellets were rinsed five times with the same buffer as described above. Pellets were resuspended in 50 mM Tris-acetate buffer (pH 3.3) and boiled for 5 min. Fifteen microliters of the resuspended solution from each tube was added to 5 ml enzyme solution containing cathepsin D 0, 0.1, 0.05, 0.025 or 0.1 units cathepsin D plus 3 nmol pepstatin A. Samples were incubated at 37 C for 30 min. The reaction was terminated by adding 5 ml loading buffer, 1 ml 6.7 N NaOH to neutralize pH and boiled for 5 min. Samples were subjected to electrophoresis and htt fragments were detected with Ab 1 rabbit antibody. Some cells were treated with 10 mM 3-MA 6 h after htt expression and immunoprecipitation was performed with Flag agarose as described above. Two sets of samples were separated in the same SDS-PAGE and transferred to nitrocellulose. One set was examined for ubiquitin immunoreactivity (Sigma) and the other for htt immunoreactivity with antibody Ab1.
